A reliable technology for optical resonant filters can be useful for optoelectronics technologies, optical communications systems, and biomedical applications. Positioning the resonance at a specific target wavelength is challenging because of the sensitivity of placing a narrow spectral filtering window to the error factors that are associated with the fabrication and characterization processes. We describe and prove experimentally two fabrication approaches to overcome this challenge.
Introduction
Optical notch filters are important components in modern optical communications systems, biomedical engineering, and other applications. They are often used for optical communications with Bragg filters, which are easy to fabricate with an acceptable accuracy of positioning the filtering window.
Two approaches were investigated so as to make the optical resonant filters fabrication technology as reliable and accurate as Bragg filters. Having these filters as an alternative with different filtering features is worth the investigation and research. For communications systems where the profile of the filtering is an important factor that effects the bandwidth efficiency, features such as the absence of sidebands that appear in the reflection spectra of the Bragg filters are highly desirable. Moreover, optical resonant filters are compatible with the integrated optics endeavor.
In this paper we report on two fabrication procedures for optical resonant filters that are made of dielectric materials, with our main concern being the accurate positioning of the resonance at a target wavelength. The challenge of this problem is to place a relatively narrow filtering window ͑2-4-nm width͒ at the target wavelength with an error that is less than the filtering width. The first approach we used to overcome this problem was based on a direct design of parameters and by estimating the affect of the changes that are associated with the fabrication process when the resonance target position is shifted. Careful characterization is required after each step of fabrication to estimate its effect on the whole structure and then to design the next step accordingly. The second approach was based on real-time monitoring of the waveguide deposition with the assistance of a defined laser beam wavelength that was used as a reference to provide a feedback about the position of the resonance wavelength during waveguide deposition. In the following, a basic theory behind optical resonant filters operation is presented, and the two fabrication approaches are described.
Theory
The principle of operation of optical resonant filters is the anomalous reflection that was discovered by Wood in 1902. 1 A good deal of theoretical and experimental work has been done since then. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] It was found that two major components are needed to observe the anomaly: waveguiding and coupling effects. Waveguiding can be realized by two means: a surface plasmon excitation, such as the surface of metals when they are shined with a suitable laser beam, or by a dielectric layer that is sandwiched between two media with refractive indexes that are lower than the waveguide refractive index. Coupling is realized by a diffraction grating that is integrated with the waveguide. All our research was based on the second type of waveguiding.
For the configuration shown in Fig. 1 , the excitation condition is given by 5
where L is the period of the light-traveling sequence inside the waveguide; is the grating depth; is the wavelength; ⌳ is the grating period; is the angle of incidence; m is the order of diffraction; n* is the effective refractive index, which is related to the indices ͑n 1 , n 2 , n 3 ͒ of the superstrate, the waveguide layer, and the substrate, respectively, and the waveguide thickness d by 13 tan͑hd͒ ϭ ͑ p ϩ q͒h
Once the condition in Eqs. ͑1͒ is satisfied, the grating has two coupling effects: first, coupling from the continuum to the waveguide and vice versa; second, coupling within the waveguide that takes place because the grating will work as a Bragg reflector in the second order of diffraction ͑i.e., m ϭ 2͒. Thus coupling between the forward and backward propagation takes place. Equations ͑1͒ indicate that Bragg coupling is proportional to the square of the grating depth. In our research most of the fabricated gratings were less than 100 nm deep, so Bragg coupling was small enough to be neglected; and thus Eqs. ͑1͒ can be simplified with acceptable accuracy to
When we compare Eqs. ͑1͒ with Eq. ͑4͒, two main differences can be found. First, Eq. ͑4͒ indicates a linear relation between the spatial filtering ͑the parameter͒ and the spectral filtering ͑the parameter͒, whereas Eqs. ͑1͒ indicate a hyperbolic relation. Second, at normal incidence we find two resonance wavelengths that satisfy Eqs. ͑1͒, whereas Eq. ͑4͒ is satisfied by only one resonance wavelength. With this difference, we were able to determine experimentally the grating depth that produces only one resonance wavelength at normal incidence, where Bragg coupling has a negligible effect.
Approaches

A. Direct Approach
In this approach we deposited the waveguide layer using rf magnetron sputtering 14 -17 on a standard BK-7 glass substrate with a refractive index less than the refractive index of the deposited film. Holographic grating was then introduced on top of the waveguide layer. We used rf magnetron sputtering to deposit a mixture of silica and titania as a waveguide film. Changing the forward sputtering power of the two magnetrons controlled the silicatitania mole ratio, and thus the optical constants of the waveguide. It was noticed that when the silica mole ratio increases, the real and imaginary refractive indices decrease in the deposited film, whereas titania has the opposite effect. As a result, this provided the flexibility to compromise between the waveguide energy confinement and the propagation length.
We performed several trials of titania-silica mixture depositions to obtain information about the resulting optical constants when a different sputtering power ratio is applied. In addition to analyzing the transmission spectra to extract the real refractive index and thickness of the film, 18 -20 we also developed a reliable real-time optical monitoring system that is based on recording the reflection fringes from the growing film on a silicon substrate ͑without grating͒. Figure 2͑a͒ shows the configuration of the setup, and Fig. 2͑b͒ shows the recorded reflection fringes ͑dashed curve͒ and the best fit ͑solid curve͒ when titania and silica are deposited on a silicon substrate. The fitting parameters were the real refractive index and the deposition rate of the film. Figure 2͑c͒ shows the region in the real refractive index and the deposition rate space where the minimum error of fitting is doubled; the area of this region represents a measure of the reliability of the fitting. The small mismatch between the data and the fit is attributed to ignoring the film optical losses and surface roughness. The envelope of the data fringes graph ͓dashed curve in Fig. 2͑b͔͒ can be used to ex- tract the film optical losses and surface roughness. 20 Since these two parameters do not affect the resonance center position but affect the resonance FWHM, and for the sake of simplifying the analyses, we ignore their effect. Armed with these tools, we were able to position the resonance wavelength that has a 2-4-nm FWHM within a 1.4-nm error from the 800-nm target wavelength.
To fabricate the grating, a coherent deep ultraviolet ͑the second-harmonic generation from the Arϩ laser with a 257-nm wavelength͒ beam was spatially filtered, collimated, and then spatially split into two beams, one delayed from the other within the coherence length of the laser beam. The period of the grating was controlled by the angle of the two coherent interfering beams on the photoresist film, which was controlled by a computer-controlled Aerotech rotation stage with 10 Ϫ3 -deg resolution. The sinusoidal interference pattern was printed in SPR505 photoresist film, developed, and then hard baked with a well-controlled heating setup to partially melt the photoresist polymer to a point where the grating is reserved but the roughness that is superimposed on the grating profile is reduced. Dry etching with Ar and CF 4 was used to transfer the pattern from the photoresist to the waveguide film ͑or cladding͒ layer. When we performed the sensitivity analysis, the etching rate of the photoresist and the deposited film were characterized to control the grating's depth and to estimate the effect of waveguide thinning after etching on shifting the resonance from the desired wavelength. We achieved this for both the waveguide and the photoresist films by extracting the frequency change in the transmission spectra fringes ͑Fig. 3͒ after etching and the location of the extreme points before etching. 18 Next we perform the sensitivity analysis to measure the effect of the errors that are associated with the parameters' characterization and the waveguide Fig. 2 . ͑a͒ Real-time optical monitoring of the deposition. ͑b͒ Recorded reflection ͑dashed curve͒ and best fit ͑solid curve͒ when depositing a silica-titania waveguide. ͑c͒ The region in the film refractive index and deposition rate space where the minimum error of fitting is doubled. Fig. 3 . Transmission spectra for silica and titania and baked photoresist films before ͑solid curves͒ and after ͑dashed curves͒ dry etching.
thinning after etching and then demonstrate how to compensate for these errors in the succeeding step of fabrication.
Starting with Eq. ͑4͒, at normal incidence we obtain ⌬ res ϭ ͑⌬n*͒⌳ ϩ ͑⌬⌳͒n*.
When we design the grating period, we obtain
where ␣ is the exposure angle, ⌳ is the period of the grating Х 500 nm, and DUV is the wavelength of the deep ultraviolet used in the exposure and equals 257 nm.
Referring to Eqs. ͑2͒ and ͑3͒, we find the sensitivity of the effective refractive index n* to the film thickness d:
Equation ͑5͒ provides a measure to the shift in resonance wavelength because of errors in both the grating period and the effective refractive index. The sources of error in the grating period are the exposure angle setting, which is dictated by the rotation stage resolution and the error in positioning as a reference angle. The resolution of the rotation stage used in the grating holography was 10 Ϫ3 deg. Assuming that a reference angle was taken in the same order of accuracy, and using Eq. ͑6͒, the error in res resulting from angle error will be approximately 0.05 nm, which is negligible. The source of error in the effective refractive index comes from errors in defining the real refractive index of the waveguide film, film thickness, or both. The waveguide real refractive index and thickness were defined accurately by utilizing the real-time optical monitoring system of the deposition process mentioned above. The acquired data were fitted with respect to the refractive index and deposition rate ͑i.e., film thickness͒. To account for all sources of errors, the etching rate in the film was characterized for two reasons: first, to have a defined grating depth because the resonance efficiency highly depends on grating depth; second, to compensate for the decrease in n* that is associated with the waveguide thinning. Equations ͑7͒ take these issues into consideration.
Usually holographic grating takes a sinusoidal profile; the effective change in thickness ⌬d can be considered as ͞2, where is the depth of the grating. For some cases, a thin film of cladding with an index less than the waveguide index was deposited on top of the waveguide to host the grating structure and protect the waveguide from the holography and the dry etching processes. If the index of the cladding layer is close to the waveguide index, ⌬d can be modified to ͑n c ͞2n 2 ͒, where n c is the cladding refractive index. The depth of the grating can be determined from the extracted etching rates in both the baked photoresist and the waveguide ͑or cladding͒ layer and the thickness of the photoresist coating that is controlled by the spinning speed.
Once the grating depth is defined, ⌬d that is caused from etching can be determined and used in Eqs. ͑7͒ to find ⌬n*. This shift can be compensated for by designing a grating period as Figure 4 shows the reflection spectra for two resonant filters that were fabricated with and without considering the etching effect; the dashed curve corresponds to the case in which the etching effect was not considered. The error in placing the resonance wavelength at 800 nm was reduced from 40.9 to 1.4 nm when the etching effect was taken into consideration. The 1.4-nm error can be attributed to different reasons. First a small change in the refractive index of the waveguide after etching was not taken into consideration; this is shown in the transmission spectra ͑Fig. 3͒ where a decrease in the amplitude modulation was observed after etching. Second, using local linearity when deriving Eqs. ͑7͒ from Eqs. ͑2͒ and ͑3͒, we ignored the high-order differentials. This approach provided satisfactory results for the positioning of the resonance wavelength, but at the same time it proved to be complicated and needed accurate characterization for all steps of fabrication, which may be not always be the case because of the random fabrication errors. So a different and sim- Fig. 4 . Reflection spectra of two resonant filters fabricated with ͑solid curve͒ and without ͑dashed curve͒ considering the etching effect; the target resonance was 800 nm.
pler approach was investigated and proved to be more accurate and reliable as we discuss in Subsection 3.B.
B. Real-Time Monitoring Approach
In this approach the grating was fabricated before deposition of the waveguide film. Real-time monitoring was applied during the waveguide deposition, so the resonance can be observed when it happens in real time and the deposition can be stopped accordingly. This is simple and attractive because there is no need to characterize all the steps discussed in the above approach; thus chances for errors are eliminated.
The setup is configured as shown in Fig. 2 . If the probing wavelength used is the same as the target wavelength, the only source of error will be characterizing the period of the grating, which we achieved accurately by measuring the autcollimation angle with a 10
Ϫ3
-deg resolution rotation stage. This type of error has no effect on the positioning of the resonance wavelength, but it shifts the waveguide effective refractive index by
which is not our goal here.
In monitoring the deposition process to observe the resonance, a tunable stable laser is required to match the probing beam wavelength with the target resonance wavelength. A He-Ne laser with acceptable stability and a fixed 632.8-nm radiation wavelength was used. To position the resonance at an arbitrary wavelength, such as 800 nm, and overcome the limitation of the fixed 632.8-nm probing wavelength, two gratings were fabricated on the same substrate sample, one to resonate at 632.8 nm and other at 800 nm. The grating periods are found by
where target is the target resonance wavelength, probe is the probing wavelength used in the monitoring ͑632.8 nm͒, ⌳ target is the grating period of the target sample, ⌳ probe is the grating period of the probed sample, and n* is the desired effective index.
Ignoring dispersion, which is valid as long as the probing wavelength is close to the target resonance wavelength, and assuming a constant rate of deposition, which can be verified from the location of the extremes in Fig. 2͑b͒ , then linearity can be applied and the deposition should stop at
where T probe is the time for the resonance to occur at the probed sample. Figures 5 and 6 show the results for two different filters that we fabricated using this approach. Figure  5͑a͒ shows the reflection of the 632.8-nm wavelength He-Ne laser beam from the probed sample while depositing silica-titania waveguide film and targeting 800 nm as the resonance wavelength. Figure 5͑b͒ shows the reflection spectra for the target sample produced from the deposition monitored in Fig. 5͑a͒ . A 1-nm error in placing the resonance wavelength can be attributed to the dispersion effect, which is acceptable when compared with the 3-nm FWHM. Figure 6 shows the reflection spectra for a resonant filter produced by the same procedure but when targeting 1300 nm. The two resonance wavelengths correspond to the electric and magnetic polarizations that were not separable at this wavelength range by the polarizer that we used. A 6.5-nm error in placing the resonance wavelength confirms the dispersion effect proposed above. The farther the target resonance wavelength from the probing wavelength the more dis- Fig. 5 . ͑a͒ Real-time deposition monitoring while targeting 800-nm resonance wavelength and using 632.8 nm as a probing wavelength. ͑b͒ Reflection spectra of the resonant filter produced from the deposition that was monitored in ͑a͒.
persion results, which creates more error in the positioning of the resonance wavelength. Matching the probing wavelength with the target resonance wavelength using a probing tunable laser can simply eliminate the dispersion effect.
Conclusion
In this paper two reliable technologies to realize accurate positioning of the optical resonant filters' resonance wavelength were presented and proved experimentally. A real-time approach proved to be reliable, simple, and accurate when we used a probing wavelength the same as or close to the target resonance wavelength, where dispersion has negligible effect. Optical resonant filters have considerable applications for photonics technology, and this research may provide an option for engineering and science. Fig. 6 . Reflection spectra of a resonant filter that was produced from the real-time deposition monitoring while targeting 1300-nm resonance wavelength and using 632.8 nm as a probing wavelength.
